Behavior of coughing is produced by combination of a series of laryngeal and respiratory muscle contraction. Movements of laryngeal muscles are governed by laryngeal motoneurons via two main efferent nerves.
It has been reported that opioids including morphine, codeine, endomolphin-1 and 2 inhibit occurrence of cough reflex in cats, 3) guinea pigs 4, 5) and mice. 6) Moreover, blockade of the N-methyl-D-aspartate (NMDA) receptors effectively suppresses cough reflex in rats, 7) rabbits 8, 9) and cats. 10) These results suggest that m-opioid and NMDA receptors play important roles in generation of cough reflex, by which these mechanisms act in the central regions such as the nucleus tractus solitarius (NTS) and the cough/respiratory neuron network. 5, 10, 11) However, whether such mechanisms are directly involved in cough-related efferent signals is not clarified yet. The present study focused on modulation of the activity of laryngeal motoneurons (LMNs) providing efferent fibers to the SLN by m-opioid and NMDA mechanisms. The LMNs were identified immunohistochemically by application of the fluorescent wheat-germ agglutinin (WGA) conjugate, and then double staining was undertaken with antibodies to either m-opioid or NMDA receptors.
MATERIALS AND METHODS

Preparation of Slices
This study was conducted in accordance with Guiding Principles for the Care and Use of Laboratory Animals approved by The Japanese Pharmacological Society. Eight guinea pigs (Hartley strain, 400-700 g body weight) were anesthetized with ketamine and xylazine (80 and 8 mg/kg, intramuscularly). The right SLN was dissected free from the surrounding tissue and the proximal central cut end of the nerve was soaked in 3 ml of 5% WGA-Fl (WGA-Alexa Fluor 488 conjugate, Molecular Probes, Eugene, OR, U.S.A.) in saline for 90 min. After 24 to 48 h, the animals were anesthetized deeply with ketamine and xylazine, and perfused transcardially with 200 ml of physiological saline containing heparin (5 U/ml), followed by 150 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brainstem was dissected, post-fixed for 60 min, and placed in 10 mM phosphate buffered saline (PBS, pH 7.4) at 4°C. Serial coronal slices (50 mm thickness) were cut with a vibratome.
Immunoreactivity of m m-Opioid and NMDA Receptors Free floating sections were incubated in PBS containing 0.2% Tween 20 for 20 min at room temperature, washed three times with PBS for 5 min and incubated in a blocking buffer containing 10% of goat normal serum diluted with PBS solution for 10 min. Tissue sections were then incubated at 4°C for 18 h with following a primary antibody: either rabbit polyclonal antibody raised against the 3rd extracellular loop peptide of m-opioid receptor (Chemicon International, Temecula, CA, U.S.A.) or rabbit affinity isolated polyclonal antibody raised against a synthetic peptide corresponding to the C-terminus of NMDA receptor 1 of rat origin (affinity isolated, Sigma Chemicals, St. Louis, MO, U.S.A.). After washing with PBS, the sections were reacted for 2 h at room temperature in a dark place with a secondary detection reagent of goat anti-rabbit IgG (HϩL) conjugated Fluoro Link Cy3 (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.). The section received blocking buffer without a primary antibody was served as a non-specific binding control.
Image Analyses Sections were viewed under fluorescent epimicroscope (Provis AX80TR, Olympus, Tokyo, Japan) with CCD camera (DP70, Olympus). Fluorescence of WGA was observed by wavelength of 470-490 nm for excitation and 515-550 nm for absorption with mirror unit of NIBA. Fluorescence of receptor immunoreactivity was observed by wavelength of 520-550 nm for excitation and beyond 580 nm for absorption with mirror unit of WIG. The final im- ages obtained were analyzed with computer software (Photoshop, Adobe Systems Incorporated, U.S.A.). Estimation of the receptor existence on the WGA-labeled cell was only done when an intensive fluorescent cell body was confirmed, and the case that a part of nerve process of a merge image was seen in yellow was excluded. The level from the obex was estimated by careful comparison of photographic plates of the guinea pig brainstem which was fixed, embedded with paraffin, sectioned in 10 mm, and stained for Nissl substance with cresyl violet. Values were presented as meansϮS.E.
RESULTS
Distribution of Labeled Cells after Application of SLN
with WGA Many fluorescent neuronal cell bodies were found in the ipsilateral side of WGA application and were concentrated in the ventrolateral part of the nucleus ambiguus (NA), extending 1.8-2.2 mm lateral to the midline, 0.8-1.2 mm from the ventral surface and 1.7-2.6 mm from the obex. The WGA-labeled LMNs often formed clusters of 5-10 cells (Fig. 1A) . The mean size of soma was 23.0Ϯ0.89 mm (long axis) and 13.8Ϯ0.53 mm (short axis) in 57 cells measured. A few labeled cells were also seen in the contralateral side of WGA application, but they were excluded in the present analyses. No fluorescent cells were detected in the dorsal nucleus of the vagus. Figure 1B summarizes distribution of 620 WGA-labeled cells from 8 animals, in which the dense area was around 2.30 mm rostral to the obex. Figure 2A shows representative images of immunoreactive receptors on the WGA-labeled motoneurons. The LMNs immunopositive to m-opioid receptors were detected in 55 of 185 labeled cells examined (29.2%), and those immunopositive to NMDA receptors were found in 44 out of 155 cells (28.4%). These immunoreactive motoneurons were distributed widely and ubiquitously (Fig. 2B) . No relationship between the soma size and the distribution of mopioid or NMDA receptor was found in the present condition. Further, there was no difference in distribution between m-opioid and NMDA receptors.
Distribution of Immunoreactive m m-Opioid and NMDA Receptors
DISCUSSION
Immunocytochemical studies demonstrated retrograde axonal transport of lectins containing WGA. 12) Usage of the fluorescent WGA conjugate will allow the direct visualization in identifying specific neurons. The present study showed the localization pattern and the size of LMNs in the guinea pig, in which the distribution was with a single peak in the rostral area of the brainstem, mainly the ventrolateral part of NA. This regional distribution of labeled motoneurons in guinea pigs is consistent with the previous results obtained from the cat and rabbit, in which LMNs were labeled retrogradely by injecting horseradish peroxidase into the cricothyroid muscle.
13) The soma size of the pooled LMNs in guinea pigs was similar to that of the cricothyroid motoneurons reported in cats. 13) The fact that no fluorescent cell was detected in the dorsal nucleus of the vagus in the guinea pig is not similar to the anatomical distribution of the LMNs in the rat. 14) Laryngeal muscles produced large changes in the size and hence in the resistance of the laryngeal aperture through the inspiratory abduction and the expiratory adduction of the vocal cords. Coughing requires control of the glottis by sequential contraction of the intrinsic laryngeal muscles. Although previous studies have demonstrated coordination of laryngeal muscle movements during cough reflex, 1,2) the chemical modulation of the motoneuron activity innervating these muscles is not well understood. In the present study, immunoreactivity to either m-opioid or NMDA receptors was found in about 30% of the WGA-labeled LMNs examined. Further, these immunopositive neurons were distributed widely in the ventrolateral part of the NA. Coughing causes via activation of the cough reflex pathway which is consisted of the airway afferent nerves, cough center in the medulla and the efferent nerves such as respiratory-related nerves including superior and recurrent laryngeal nerves. Inhibiting it at any site of the arc can be expected to cause antitussive effect. 11, 15) In general, opioids are thought to suppress preferentially synaptic transmissions in the cough/respiratory neuron network 5, 11) and NMDA mechanisms may play some roles in the gating mechanism which integrates the cough-related information coming from the NTS relay neurons and sends the gated signal to the cough/respiratory pattern generator. 10, 16) The present results propose another possible site of action where both opioid and NMDA ligands act onto the postsynaptic receptors located in LMNs and modulate the motoneuron excitability. Therefore, it is speculated that activation of m-opioid receptors 5, 6, 17) or blockade of NMDA receptors 7, 10) may be capable of decreasing the cricothyroid muscle tone to some extent, leading to suppression of cough production. 11, 17) It has been reported in the ventrolateral periaqueductal gray that frequent colocalization of m-opioid and NMDA receptors was shown within dendrites and suggested the modulation on the antinociception. 18) Unfortunately, although triple staining was not done in the present immunohistochemical study, the coexistence of m-opioid and NMDA receptors in one LMN is possible. In conclusion, the present study demonstrates phenotypic variation in the synaptic transmission to the LMNs in guinea pigs. It is suggested that m-opioid and NMDA receptors directly modulate, at least partly, the generation of cough reflex at the motoneurons level.
